The choroid is a vascular tissue which plays a range of critical roles in the normal physiology of the eye, such as supplying the outer retina with oxygen and nutrients and the regulation of intraocular pressure. There is also substantial evidence, particularly from animal studies, that the choroid plays an important role in the regulation of eye growth and the development of common refractive errors like myopia. In recent years, advances in optical coherence tomography technology have improved our ability to image and measure the choroid in the human eye. Research using this technology over the past decade has dramatically improved our knowledge of the normal choroid, and its potential role in the regulation of eye growth and refractive error development. This review aims to provide an overview of recent work examining the normal human choroid, its changes with myopia and the possible role of the choroid in the mechanism regulating eye growth. Studies have demonstrated that choroidal thinning accompanies the development and progression of myopia, and have established a close link between eye growth and choroidal thickness changes. Dramatic thinning of the choroid is seen with high myopia, and associations are also observed between choroidal thinning and reduced vision, and the development of retinal pathology associated with high myopia. In the short-term, environmental factors known to be associated with myopia development and more rapid eye growth typically lead to a thinning of the choroid, whereas factors linked to a slowing of eye growth are typically associated with short-term choroidal thickening. Collectively, these findings suggest that the choroid is an important biomarker of eye growth in the human eye, and additional research to better understand the human choroid is likely to further our knowledge of the signals and pathways regulating eye growth, myopia development and progression.
Positioned between the sclera and the retina in the posterior eye, the highly vascular choroid is essential for maintaining normal vision and ocular function. While the primary role of the choroid has traditionally been considered as a source of oxygen and nutrients for the outer retina, as well as contributing toward the regulation of ocular temperature and intraocular pressure, the choroid is also thought to play a critical role in the mechanisms underlying the control of eye growth and the development of refractive errors such as myopia. 1 Evidence for a role of the choroid in the regulation of eye growth and refractive error development emerged from animal studies in the 1990s that demonstrated that the thickness of the choroid in young chicks changed rapidly and predictably in response to modifications in the focus of the retinal image, with the magnitude and direction of these changes appearing to correlate with the sign and degree of defocus. 2, 3 When developing chick eyes were exposed to myopic defocus (a stimulus that shifts the focal plane anterior to the retina which has been shown to result in a slowing of eye growth in the long term, and the development of hyperopic refractive errors) a rapid thickening of the choroid was observed. Conversely, exposing chicks to hyperopic defocus (a stimulus that shifts the focal plane posterior to the retina and results in increased axial eye growth and the development of myopia in the long term) was found to result in a rapid choroidal thinning. Given the anatomical location of the choroid, these changes in response to the focus of the retinal image have the effect of moving the retina toward the defocused image plane.
Qualitatively similar to chicks (although often of smaller magnitude), bi-directional choroidal thickness changes in response to defocus have also been documented in a range of mammalian species (including primates) such as guinea pigs 4 and tree shrews 5 as well as in marmoset 6 and macaque monkeys. 7 A consistent feature
Aside from the effects of image defocus upon the choroid, a range of other factors known to influence eye growth have also been shown in animal research to lead to transient changes in the thickness of the choroid. Pharmacological agents such as muscarinic antagonists 9 and dopamine agonists 10 as well as environmental factors such as increased light exposure, 11 that are each known to inhibit eye growth, have also all been shown to lead to transient increases in choroidal thickness in animal studies. These close links between choroidal thickness changes and alterations of eye growth across a range of animal species suggest an important role for the choroid in the mechanisms regulating eye growth and the development of refractive error. Although the exact molecular pathways and mechanisms linking the choroid with altered ocular growth are still an area of active investigation, the anatomical location of the choroid between the retina and sclera suggests a potential role for the choroid in the delivery of retinal signalling molecules or growth factors to the sclera, or alternatively a role in the production of growth factors that may directly influence scleral growth. 1 While there is a wealth of data from animal studies supporting an important role for the choroid in the regulation of eye growth and the development of myopia, it is only in more recent years that evidence has emerged that the choroid also plays an important role in human myopia. The advent of optical coherence tomography (OCT) imaging methods, allowing crosssectional imaging of the tissues at the back of the eye, and the subsequent rapid improvements in imaging speed and resolution with OCT seen over the past decade, have opened the door for the human choroid to be reliably imaged in vivo.
Research utilising this technology to noninvasively quantify choroidal characteristics has led to dramatic improvements in our knowledge of the choroid in the human eye, and resulted in important new insights regarding the ocular changes associated with myopia development and progression and the potential mechanisms involved in the regulation of human eye growth. Improved knowledge of factors involved in myopia development is of particular importance given the dramatic increases in myopia prevalence observed in many countries around the world in recent decades, 12 and the associated public health impacts of rising myopia levels due to the link between myopia and many sight-threatening ocular pathologies. 13 This review aims to provide an overview of this recent work using OCT imaging techniques to inform our understanding of the potential role of the choroid in human myopia.
Imaging the choroid using optical coherence tomography
Traditional methods of imaging the posterior eye (for example, retinal photography and ophthalmoscopy) do not allow the choroid to be observed reliably in vivo, since light entering the choroid is obscured by the overlying retinal tissue, particularly the retinal pigment epithelium (RPE). Similarly, traditional biometry methods such as Ascan and B-scan ultrasound do not provide sufficient resolution to reliably quantify choroidal thickness measures and their changes associated with myopia in the human eye.
OCT is an imaging technique based upon optical interferometry that provides crosssectional images of ocular tissues with high resolution using near infrared light. The original OCT devices, based on time-domain principles and introduced in the 1990s, had relatively slow scanning speeds and resultant image resolution, and signal-to-noise ratio that precluded reliable imaging of the choroidal structures behind the RPE. 14 The development of Fourier-domain OCT methods allowing scanning speeds of 100 times greater than time-domain OCT, provided higher resolution with improved signal-to-noise ratio, that opened up the possibility of more reliable visualisation and measurement of the choroid in vivo. 15 However, attenuation of the OCT signal with increasing imaging depth, and scattering of the scanning beam by the RPE, still limit the ability of Fourier-domain OCT to reliably image the choroid and a number of modifications to standard retinal OCT imaging methods are required to enhance the visibility of the choroid in OCT images. In 2008, Spaide et al. 16 introduced the enhanced depth imaging (EDI) method for improving choroidal visibility in OCT images. EDI is an imaging approach where the OCT instrument is positioned closer to the eye than normal, in order to move the optimum focus and region of highest sensitivity deeper in the scan toward the choroid, in order to improve choroidal visibility. Scattering of light as it travels through the tissue means that even with EDI, the signal from the deeper portions of the choroid can still be relatively weak. Therefore, image averaging is also typically employed to increase the signal-to-noise ratio and further improve the visibility of the choroid.
Since the speckle noise in OCT images is usually random, averaging multiple B-scans from the same location has the effect of reducing the noise in the image and improving the signal (with the signal-to-noise ratio predicted to improve by a factor of ffiffiffi ffi N p , where 'N' is the number of B-scans averaged). 17 Most commercially available spectral-domain OCT devices now include an EDI approach, and also provide image averaging options in order to reduce noise. The EDI method coupled with image averaging has been shown to allow successful imaging of the choroid in the majority of normal eyes. 18 Studies have also demonstrated that choroidal thickness measures from EDI OCT scans demonstrate a high level of within and between session repeatability, with coefficients of repeatability typically ranging between 10 and 30 μm in published studies on healthy subjects. [19] [20] [21] [22] [23] Figure 1 illustrates the impact of EDI and image averaging upon the visibility of the choroid in spectraldomain OCT images. While most commercially available OCT devices utilise near infrared light sources of wavelengths~820-870 nm, the use of longer wavelength light sources (for example, 1,050 nm) has the potential to improve the visibility of the choroid due to deeper signal penetration (and less effect of light scattering from media opacities). 24 Long wavelength swept-source OCT devices have also become commercially available in recent years. Although there are some reports that the imaging depth of long wavelength OCT and EDI OCT with frame averaging (at 870 nm) are similar, and that choroidal thickness measures are also comparable between these two imaging modalities, 25, 26 there is also evidence to suggest that long wavelength OCT devices do allow successful choroidal imaging in a higher percentage of eyes, particularly in the presence of media opacities. 25, 27 The primary quantitative measurement that is derived from OCT images of the choroid are measures of tissue thickness, with choroidal thickness typically being defined as the distance between the posterior border of the RPE and the anterior surface of the chorioscleral interface. The chorioscleral interface is typically defined as the junction between the hyporeflective large choroidal vessels and the hyperreflective sclera. 28 In some participants (particularly when imaged with swept source OCT), additional tissue bands can be observed in the region where the sclera and choroid meet (thought to represent the suprachoroidal layer and the suprachoroidal space), which can complicate the detection of the chorioscleral interface. 28 The majority of commercial OCT devices do not provide automated segmentation tools for delineating the chorioscleral interface, and therefore many studies have relied upon manual analysis of OCT images to derive choroidal thickness, either using caliper-based software tools within commercially available OCT devices, or through custom-written image analysis software. In recent years several algorithms designed to provide an automated assessment of choroidal thickness from OCT images have been proposed, and have been shown to correlate closely with manual estimates of choroidal thickness. 22, 29, 30 Although manual validation and correction of automated segmentation performance is still required, these methods demonstrate the potential for reduced reliance on manual analysis to derive choroidal characteristics. Developments in image processing methods, such as improvements in deep learning methods 31, 32 and their application to image segmentation, hold the promise for more reliable methods of automated OCT choroidal segmentation in the future. More recently, efforts to develop image processing methods to provide a more detailed characterisation of choroidal tissue have also emerged, including methods based on image binarisation to determine the relative proportions of vascular luminal (hypo-reflective regions within the choroid) and interstitial/stromal tissue (hyperreflective regions) within the choroid 33 ( Figure 1D ) and automated methods for delineating between the choroid's different vascular layers. 34 The application of these methods has the potential to provide additional insights beyond thickness measurements, into the underlying vascular characteristics of the choroid and the mechanisms of tissue change occurring in the choroid associated with various conditions and interventions.
The normal thickness of the human choroid (Figure 2) . 18, 27, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] One of the major factors reported to influence the thickness of the choroid in adults has been age, with significant decreases in choroidal thickness observed to occur with increasing age in adulthood, 18, [35] [36] [37] [40] [41] [42] [43] 45 with more thinning typically observed in older adult populations (> 60 years). 18, 36, 37 Although not a significant factor in all studies, there have been some reports that men exhibit a significantly thicker choroid than women. 18, 39, 42 A small number of studies have examined the influence of ethnicity upon choroidal thickness, with most noting no significant differences between the subfoveal choroidal thickness of participants of Caucasian, Asian and African ethnicities. 47, 48 The topographical variations in choroidal thickness occurring across the macular region in healthy subjects has also been examined. 27, [35] [36] [37] [38] [40] [41] [42] 46 These studies have consistently demonstrated that the choroid tends to be thickest in more central foveal regions, [35] [36] [37] [38] 42 or in regions slightly superior to the fovea. 27, 40, 43 Outside the foveal regions, the choroid is generally observed to reduce in thickness, although the magnitude of reduction varies with meridian, with the most prominent thinning seen in nasal regions as the choroid approaches the optic nerve. Inferior regions of the choroid are also typically observed to show slightly greater magnitude of thinning compared to superior regions. 40, 43 It is worth noting that the majority of studies examining topographical choroidal thickness variations have examined only the macular region, which represents a relatively small percentage of the total choroidal area. However, recent developments in OCT hardware and analytical methods mean that wider areas of the choroid can now be imaged either through the montaging of multiple OCT scans, 49 the use of a wide-field objective lens attached to commercially available OCT devices, 50 or with customdesigned wide-field OCT devices. 51 Recently, using a wide-field objective lens coupled with an EDI OCT imaging protocol, the choroidal thickness beyond the macular region (across a 55 degrees field) was quantified in a small group of healthy adults, and the choroid was shown to exhibit further thinning (up to 40 per cent thinning compared to the foveal choroid) in more peripheral regions beyond the macula. 50 Using offaxis fixation, coupled with software tools to montage multiple wide-field OCT scans captured from central and peripheral regions has the potential to extend imaging of the choroid even further into the periphery, and allow the mapping of choroidal thickness out to approximately 80 degrees. Figure 3 shows some preliminary findings using this technique to map the choroidal thickness into the periphery, illustrating that more prominent choroidal thinning occurs in peripheral regions. Further research utilising these techniques will be important in expanding our knowledge of the choroid in the periphery, and to more comprehensively characterise the changes in the choroid associated with myopia development and progression.
Normal choroidal thickness has also been examined in healthy children and adolescents, and estimates of the mean subfoveal choroidal thickness in paediatric populations from these studies have ranged from 245 to 361 μm. 20, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] Consistent with studies of adults, most studies also note substantial between-subject variability in subfoveal choroidal thickness measures in children. Studies that have examined the topographical variations in choroidal thickness in the macular region of children, also note that topographical thickness variations are generally similar to that previously reported in adults. 20, 54, 58, 60, 64 Figure 4A illustrates a topographical map of the average macular choroidal thickness from a population of 60 children with nonmyopic refractive errors, and it can be noted that the choroid is generally thickest in central regions and shows its most prominent thinning in nasal regions approaching the optic nerve, 20 as previously reported in adults. Studies examining the relationship between age in childhood and choroidal thickness, that have primarily included emmetropic children in their analyses, have noted that choroidal thickness tends to increase significantly with age in childhood. 58, 60, 62, 64 In contrast to this, studies including large proportions of myopic children in their analyses have typically noted a significant decrease in choroidal thickness with age, 55, 57, 61, 65 indicating an interaction between the development of myopia and normal developmental changes in the choroid in childhood. Mean age (years) Mean subfoveal choroidal thickness (µm) Figure 2 . Overview of studies examining subfoveal choroidal thickness in normal healthy adults, illustrating the mean subfoveal choroidal thickness and the mean age of participants examined in each study. 18, 27, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Note the decrease in mean choroidal thickness with increasing mean age. Solid line indicates best fit regression line.
Non-myopic children
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Thickness difference between myopic and non-myopic children Choroidal thickness (µm) Difference in choroidal thickness (µm) (non-myopes minus myopes) A B C show the positions of the OCT line scans within each volume scan that are registered to features in each retinal image). Automated software then identifies common features in the overlapping portions of the retinal images, and aligns and blends together the multiple en face images to produce a combined panoramic scanning laser ophthalmoscope image (centre). The transformation used to combine the retinal images is then applied to the multiple volumetric choroidal thickness data, to produce a combined panoramic choroidal thickness map, extending into the periphery (~80 ) (right). Note the substantial thinning of the choroid in more peripheral regions in this example scan from an emmetropic young adult, collected using the Heidelberg Spectralis OCT device (Heidelberg Engineering, Heidelberg, Germany), with enhanced depth imaging and the wide-field imaging module. The dark circular region shows the optic nerve head and the dashed black circle shows the size of a typical six millimetre diameter OCT scan.
A small number of studies have also examined longitudinal changes in choroidal thickness occurring over time in paediatric populations, 21, 52 and analyses from these studies involving non-myopic children show that the choroid demonstrates a significant increase in thickness with age (on average a 12-14 μm increase in choroidal thickness per year has been observed in non-myopic children in these longitudinal studies). Taken together with previous cross-sectional studies in children and adults, these findings suggest that without significant refractive error, the choroid tends to increase in thickness from early childhood into adolescence, then reaches a peak in young adulthood, followed by a decrease in thickness with age in older adults.
The normal choroid has also been documented to undergo small (estimates of mean daily amplitude of change ranging from 20 to 60 μm), but statistically significant diurnal variations in thickness over the course of the day. [66] [67] [68] [69] [70] Additional image analyses of OCT images collected in diurnal studies indicate that diurnal choroidal changes appear to be primarily driven by changes in the luminal area of the choroidal stroma (suggesting that changes in choroidal vascular calibre are the primary drivers of these diurnal changes) 70 and are due to changes in the medium-sized vessel layer (Sattler's layer) of the choroid. 69 The majority of studies indicate that the choroid is generally thinnest during the day (with the minimum thickness usually reported at midday or early afternoon), and thickest during the night, 66, 67, 70 which is also consistent with previous reports of diurnal variations in the choroidal thickness of animals. 71 
Choroidal changes in myopia
Aside from age, the other major factor consistently reported to be associated with choroidal thickness is refractive error. A large number of cross-sectional studies of adults have reported that the presence of myopia is associated with a significantly thinner choroid, compared to emmetropia and hyperopia. 18, 27, 36, 39, [41] [42] [43] [44] 46 The choroidal thinning associated with myopia is typically reported to be related to the magnitude of refractive error, with greater amounts of thinning associated with a more myopic spherical equivalent refraction and a longer axial length. 18, 27, 38, 40, 42, 44, 46, 63, 72 Similar findings are also reported in cross-sectional studies of paediatric populations, and a significantly thinner choroid is also reported in myopic children, with the degree of choroidal thinning significantly associated with axial length. 20, 54, 60, 61, 63, 65 In a population of 39 myopic (mean spherical equivalent refraction of −2.39 D) and 60 non-myopic (mean spherical equivalent of +0.33 D) Australian children, aged between 10 and 15 years, the average subfoveal choroid was 56 μm (~16 per cent) thinner in the myopic children (Figure 4) . 20 This degree of choroidal thinning is substantially higher than the six per cent thinning that would be predicted based upon a passive stretch of the choroid associated with the axial elongation of myopia in this cohort of children, 20 suggesting the potential for an active mechanism of choroidal change involved in eye growth regulation in the human eye. Although the changes in the choroid associated with childhood myopia suggest that thinning of the choroid occurs relatively early in the development of myopia in the human eye, the cross-sectional nature of these studies limits our understanding of the time course of choroidal changes in myopia development, and the specific relationship between choroidal thickness changes and myopia progression and rate of eye growth in the human eye. Differences in the topographical thickness distribution of the choroid associated with myopia have also been observed, with the degree of choroidal thinning associated with myopia noted to be non-uniform across the macular region. Studies of children have demonstrated that the largest differences in thickness between myopes and non-myopes appear to occur in central foveal regions 20, 60 ( Figure 4C ). Studies mapping the macular choroidal thickness of myopic and nonmyopic adults have also shown that the strongest association between choroidal thickness and refractive error (and axial length) are found in central foveal regions of the macula, with the strength of these associations (and the degree of choroidal thinning associated with myopia) diminishing in parafoveal and perifoveal regions. 44 Comparisons of wide-field choroidal thickness maps of myopic and emmetropic young adults, also revealed that the largest magnitude of thinning associated with myopia are in the foveal region, with the differences reducing in more peripheral regions. 50 Figure 5 illustrates topographical maps of the mean differences in choroidal thickness between myopic and non-myopic young adults, and highlights the larger magnitude of thinning in central regions. These maps also appear to indicate some nasal-temporal asymmetries, with less thinning associated with myopia in the temporal compared to nasal regions. Such differences were examined in detail by Lee et al., 73 who showed that myopic eyes more commonly exhibited a choroidal thickness profile where the choroid in the temporal parafovea was thicker than in the central fovea, and that a greater relative thickening of the temporal choroid was associated with the magnitude of myopia and longer axial length. These reports of non-uniform thinning of the choroid with myopia suggest that there are asymmetries and eccentricity-dependent differences in ocular growth patterns and/or the signals associated with ocular growth.
The relationship between the changes in choroidal thickness and eye growth in childhood myopia have also been examined in a number of recent longitudinal studies. In 10-15-year-old myopic and non-myopic Australian children, the choroidal thickness and axial length changes occurring over an 18-month period were examined. 21 Analyses of these data considering both myopic and non-myopic children revealed that along with significant eye growth (mean axial length increase of 105 μm for all children considered together), the choroid also underwent a small but significant increase in thickness over the 18 months, supporting previous reports in cross-sectional studies indicating that a small-magnitude thickening of the choroid is a feature of normal eye growth in childhood.
The relationship between the rate of axial eye growth and choroidal thickness changes was also examined, and a significant inverse association between these two factors was found, indicating that children exhibiting slower eye growth tended to exhibit the greatest amount of choroidal thickening, and those children exhibiting more rapid eye growth (that is, those children who were developing myopia, or whose myopia was progressing rapidly) tended to show less thickening and in many cases a thinning of the choroid over time. This close link between choroidal thickness changes and eye growth in childhood is consistent with previous animal research, where animals developing myopia and exhibiting faster rates of eye growth also exhibit a thinning of the choroid.
Fontaine et al., 52 in a longitudinal study of 115 children (35 myopes and 80 nonmyopes, mean age 7.7 years), also noted a significant increase in choroidal thickness over 15 months in non-myopic children. However, the myopic children in their study were found to show a significant decrease in average choroidal thickness over their 15-month study. Interestingly, this study also found a significant relationship between the baseline choroidal thickness and the rate of eye growth, with a thicker choroid at baseline being associated with a slower rate of axial eye growth. More recently, a significant thinning of the choroid over time (mean change of 11 μm) was also reported over a 12-month period, in 88 Chinese school children with a documented myopic shift in refraction of > 0.50 D. 74 This population at baseline included myopic, emmetropic and hyperopic children, indicating that choroidal thinning is a feature observed in myopia progression, as well as in emmetropic children who are developing myopia. These longitudinal studies suggest that choroidal thinning appears to be an early change occurring during the development and progression of myopia. The changes in choroidal thickness appear to be a biomarker of eye growth, since more rapid eye growth is associated with choroidal thinning, and slower eye growth with a thickening of the choroid over time. It is possible that the normal thickening of the choroid seen in non-myopic children may represent a biomarker of processes acting to slow or limit the growth of the eye to prevent the development of myopia, and when the normal emmetropisation process breaks down, it results in a thinning of the choroid and more rapid eye growth. Therefore, since choroidal thinning appears to be associated with more rapid eye growth, the clinical observation of significant choroidal thinning in childhood should raise suspicion for the development of myopia or more rapid myopia progression. It is noteworthy that the follow-up period in these longitudinal studies has been relatively short, so future studies with longer follow-up are required to characterise the longitudinal changes in the choroid in childhood and with myopia development and progression in more detail.
Choroidal changes in high myopia
While the majority of studies of human choroidal thickness have examined participants with low to moderate levels of myopia, a number of investigations have examined the thickness of the choroid in high myopia (typically defined as a spherical equivalent of ≤ −6.00 D, or an axial length of > 26 mm). This work has shown that high myopia is associated with marked choroidal thinning ( Figure 6 ), with mean estimates of subfoveal choroidal thickness in populations of subjects with high myopia (without associated retinal complications) ranging from 93 to 226 μm. [75] [76] [77] [78] [79] [80] [81] [82] The choroidal thinning in high myopia is also reported to be greater with older age, and with increasing levels of myopia (and longer axial lengths) ( Figure 7 ). Another major predictor of greater choroidal thinning in high myopia is the presence of a posterior scleral staphyloma 76, 79, 82 (in a population of 103 subjects with high myopia, 82 those without staphyloma exhibited a mean subfoveal choroidal thickness of 158 μm, whereas highly myopic eyes with posterior staphyloma exhibited a mean subfoveal choroidal thickness of only 55 μm).
The topographical choroidal thickness profile is also reported to be altered in high myopia, with reports of temporal and superior regions away from the fovea exhibiting a greater thickness than foveal regions [75] [76] [77] 79 with these changes being at least partially attributed to the presence of posterior staphyloma in some eyes. Some studies of high myopes (without retinal pathology or other ocular disease) have also reported a significant association between visual acuity and subfoveal choroidal thickness, with a thinner choroid being associated with poorer vision in high myopes. 80, 81, 83, 84 In both population-based and hospital-based studies employing multivariate statistical models to account for potential confounders, this association appeared to be independent of axial length. 81, 83 Although the exact mechanism linking a thinner choroid with reduced vision is not evident from these cross-sectional studies, it has been suggested that the marked thinning of the choroid in high myopia may impact upon photoreceptor function, resulting in reduced vision. It is worth noting that studies examining the relationship between choroidal thickness and visual acuity in high myopia have primarily included older adult subjects, 80, 81, 83, 84 and one study examining the choroidal thickness of younger (mean age 22 years) highly myopic (≤ −10 D) subjects has reported, based on multivariate analyses, that subfoveal choroidal thickness was not significantly associated with visual acuity. 85 This lack of an association between choroidal thickness and visual acuity in younger high myopes, suggests a potential interaction between older age and the choroid's physiological effects, indicating that in younger eyes a markedly thin choroid alone may not be sufficient to influence vision. It is also worth noting that the average choroidal thickness in this younger population of high myopes (mean 195 μm) 85 was thicker than previous studies of older high myopes examining the relationship between choroidal thickness and visual acuity. 80, 81, 83, 84 Given the dramatic choroidal thinning that often accompanies high levels of myopia, and the association between choroidal thinning and visual function documented in some studies, the potential role of choroidal thinning in the pathogenesis of retinal degenerative changes associated with high myopia has also been explored. In a small sample of high myopes with newly developed unilateral myopic macular choroidal neovascularisation, Ikuno et al. 86 reported that eyes with choroidal neovascularisation exhibited significantly thinner choroids than fellow eyes (most prominently in the region inferior to the macula), suggesting that choroidal thinning may play a role in the pathogenesis of the condition. In a study using swept-source OCT, examining posterior scleral and choroidal thickness of eyes with myopic macular degeneration, a thinner choroid was found to be strongly positively correlated with the severity of myopic macular degeneration. 87 The correlation with the severity of maculopathy was found to be stronger for choroidal thickness than it was for scleral thickness, suggesting that a vascular mechanism related to choroidal ischaemia may be playing a more prominent role in the pathogenesis of the condition than a mechanical mechanism involving scleral stretch. Studies have also shown that the reductions in visual acuity observed in myopic maculopathy, are significantly correlated with macular choroidal thickness, further supporting a role for the choroid in these conditions. 87, 88 The presence of lacquer cracks, an ocular feature of myopic macular degeneration considered to be an important risk factor for the development of choroidal neovascularisation, 89 have also been shown to be associated with a thinner choroid in high myopes. 90 In a study of highly myopic eyes with and without lacquer cracks, macular choroidal thickness exhibited the strongest association with the presence of lacquer cracks (of the biomarkers examined, including age, refractive error and axial length), and subfoveal choroidal thickness measurements (of less than 59 μm) were reported to be a useful biomarker for predicting the presence of lacquer cracks in high myopes with good sensitivity (0.79) and excellent specificity (0.92). While further work is required to establish the causative nature of these associations between choroidal thickness and myopic maculopathy in high myopes, research suggests that choroidal thinning is a prominent feature associated with the presence of myopic maculopathy, and supports a potentially important role for choroidal ischaemia in the pathogenesis of this condition. The strong association between choroidal thickness and the severity and visual effects of myopic maculopathy, suggests that choroidal thickness is an important biomarker of myopic macular degenerative changes, and the monitoring of choroidal thickness in A B C Figure 6 . A, B: Examples of high-resolution, foveal-centred chorioretinal optical coherence tomography (OCT) scans in subjects with high myopia (both aged 11), illustrating the marked choroidal thinning that is typically found with high myopia. C: Foveal OCT scan of an age-matched emmetropic subject is shown for comparative purposes. Image A was captured using the Nidek RS-3000 OCT device (Nidek, Tokyo, Japan) in choroidal imaging mode, and images B and C were captured using the Heidelberg Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) with enhanced depth imaging.
Non-myopic adults
high myopes will assist in the detection and monitoring of myopic maculopathy.
Changes in the choroid associated with environmental factors involved in myopia genesis and progression
The close link between choroidal thickness and refractive error and eye growth noted in previous animal research and more recently in studies of human subjects, suggests that research examining how environmental factors (that have been previously linked to changes in eye growth) impact upon the choroid may also provide insights into the potential role of the choroid in the mechanisms regulating eye growth. A number of recent studies have used OCT imaging to explore the short-term changes in the human choroid associated with a range of different factors that have been previously linked with the development and progression of myopia.
It is worth noting that many of the changes documented in the human choroid discussed below are of relatively small magnitude, which highlights the importance of studies being sufficiently powered to detect small changes, and utilising precise measurement methods and protocols (for example, improving precision through averaging multiple measures, and ensuring that the same measurement locations are consistently imaged). A range of external factors have also been shown to influence choroidal thickness (such as time of day, [66] [67] [68] [69] [70] caffeine, 91 alcohol, 92 water loading, 93 smoking 94 and systemic 95, 96 and ocular 97 medications) and lack of control of these factors has the potential to impact upon the validity of measurements of short-term choroidal thickness change.
Retinal image focus
The process of eye growth is known to be visually guided, since blurring the retinal image with lenses results in compensatory eye growth that correlates with both the sign and magnitude of the imposed defocus; with positive lens (myopic) defocus causing a slowing of eye growth and the development of hyperopia, and negative lens (hyperopic) defocus causing an increase in eye growth and the development of myopic refractive errors in a range of animal species. 98 The choroid is considered to play a key role in visually guided eye growth, since it shows the remarkable ability to change its thickness in response to optical defocus. This capacity was first identified in chicks 2, 3 and has been called 'choroidal accommodation', since the change in choroidal thickness moves the retina toward the defocused image plane. The first evidence of this phenomenon in humans was demonstrated by Read et al. 99 utilising optical biometry (using lowcoherence reflectometry) to assess axial length. Young adults were exposed to 60 minutes of monocular defocus (+3.00 D, −3.00 D), diffuse blur (Bangerter 0.2 density) and a control condition with optimal refractive correction. By using a monocular defocus paradigm and keeping the fellow eye optimally corrected throughout the experiment, the clear fellow eye maintained stable relaxed accommodation, focused on the distant television monitor, while viewing a movie (a visual stimulus providing timevarying spatial frequency and contrast). The A-scan from the biometer was analysed to determine the distance from the anterior cornea to the RPE and the chorioscleral interface. Axial length was derived as the distance from the anterior cornea to the RPE (sometimes called the optical axial length) and the choroidal thickness was derived as the distance from the RPE to the chorioscleral interface. Since the subject was fixating the biometer's internal target, this distance represented the sub-foveal choroidal thickness.
The results from Read et al. 99 showed that, like preceding studies in a range of different animal species, the human axial length and choroidal thickness changed significantly in the presence of defocus. Positive blur (+3.00 D) caused the axial length to shorten (−13 μm) and the choroid to thicken (+12 μm), whereas minus blur (−3.00 D) caused the eye to lengthen (+8 μm) and the choroid to thin (−3 μm), and diffuse blur caused the eye to lengthen (+6 μm) and choroid to thin (−6 μm). If we assume that the sclera does not change thickness in response to blur, we would predict that a change in choroidal thickness would simply translate to a change in the axial length of the eye (anterior cornea to RPE), such that a thickening of the choroid pushes the RPE forward, thereby moving the sensory retina closer to the defocused image plane (so called choroidal accommodation). In the opposing conditions, minus and diffuse blur lead to an increase in axial length and an associated choroidal thinning, in the case of minus blur again pulling the sensory retina toward the image plane. Chiang et al. 100 recently studied the choroidal response to plus and minus blur (AE2.00 D) in young adults using OCT. After 60 minutes of plus blur the sub-foveal choroid had increased by 15-20 μm, while it thinned by 15-20 μm after minus blur. The time course of onset was faster in the plus blur condition (a significant change was observed after about 10 minutes) than in the minus blur condition (about 20-30 minutes). Read et al. 99 also noted a slightly stronger response to myopic blur. However, both Read et al. 99 and Chiang et al. 100 found no significant difference in the response to blur between young adult myopes and emmetropes. Wang et al. 101 also reported that children (8-16 years of age) also show a relative change in choroidal thickness after two hours of exposure to plus and minus blur, consistent with the earlier studies in young adults. The rapid response of the choroid's thickness to defocus suggests that it forms a link in the initial signal cascade from the retina that detects the blur, to the sclera, where longer-term eye growth occurs. While the thickening and thinning of the choroid does move the retina toward the defocused image plane, the magnitude of movement documented in the human eye (maximum of about 20 μm) is too small to improve vision. A 20 μm change in the distance to the retina is equivalent to only about 0.05 D, much smaller than the depth of focus of the eye. 102 The change in thickness in the choroid is therefore probably best considered as a biomarker for the stimulus to grow (thinner) or stop growth (thicken). In the human eye, further research is needed to understand the link between these short-term choroidal responses to blur, and longer-term eye growth changes and the development of myopia.
Orthokeratology
Orthokeratology is an overnight rigid contact lens modality used to optically correct mild to moderate levels of myopia by deliberately flattening the central cornea and steepening the mid-periphery. 103 This process of corneal reshaping results in clear unaided central vision and imposed myopic defocus (of approximately 2.00 to 3.00 D)
beyond the central 20 degrees. [104] [105] [106] [107] In addition to correcting myopia, orthokeratology has also been shown to inhibit myopia progression (slows axial eye growth) by 30 to 60 per cent in young children, [108] [109] [110] [111] [112] potentially through a mechanism involving sustained peripheral myopic retinal image defocus and the choroid. Based on the choroidal responses to imposed region-specific optical defocus in various species of animals, one might anticipate a local change in choroidal thickness corresponding to retinal regions experiencing sustained peripheral myopic defocus induced by orthokeratology, [113] [114] [115] or perhaps a global change in central macular choroidal thickness. 116 Swarbrick et al. 117 first reported a mean transient reduction in axial length of 20 to 50 μm during the first six months of orthokeratology treatment, which regressed following the cessation of lens wear, and speculated that this change may be due to a thickening of the choroid anteriorly moving the RPE. Subsequently, a small number of studies have utilised OCT imaging to examine the time course and nature of changes in choroidal thickness during or following a period of orthokeratology lens wear in myopic children. Gardner et al. 118 followed non-Asian children treated with orthokeratology over a nine-month period and did not observe a consistent significant change in choroidal thickness. This may have been due to a number of potential methodological limitations including: the lack of a control group; the resolution of the OCT instrument used; the lack of retinal registration for follow-up measurements over time; and failure to account for diurnal fluctuations in choroidal thickness. Conversely, two recent studies which have accounted for some of these potential confounding variables (for example, diurnal fluctuations and OCT retinal registration) and have utilised EDI or frame averaging to improve image quality and visibility of the chorioscleral interface, have reported a significant thickening of the choroid following orthokeratology treatment in Asian children of a similar age and magnitude of myopia.
119,120
Chen et al. 119 reported a significant mean increase in subfoveal choroidal thickness following three weeks of orthokeratology lens wear (24 AE 26 μm) compared to a spectacle-wearing age-and sex-matched control group (0 AE 19 μm). The change in choroidal thickness varied across the central retina, with the greatest thickening observed in the temporal parafovea and the least observed in the nasal parafoveal region adjacent to the optic disc. This finding suggests that naturally thicker regions of the choroid (the temporal parafovea in this study) may have a greater capacity to rapidly alter its thickness in response to imposed defocus. Li et al. 120 also observed a similar magnitude increase in subfoveal choroidal thickness relative to a spectacle-wearing control group following six months of orthokeratology treatment (~25 μm). Thickness changes within the larger choroidal vessels, posterior to the choriocapillaris and Sattler's layer, accounted for 80 per cent of the observed change in the total subfoveal choroidal thickness, suggesting that an increase in blood supply to the larger and more posterior choroidal blood vessels may contribute to the thickness changes observed during orthokeratology. These studies suggest that the choroid thickens within the central macular region following a short period of orthokeratology treatment for low levels of myopia, and stabilises between one week 119 and one month 120 of lens wear. This finding is consistent with the results of short-term full-field defocus experimental paradigms in both humans 99, 100 and various animal models and implicates a mechanism involving retinal defocus and choroidal thickness changes underlying the reduced rate of ocular growth associated with orthokeratology in paediatric myopia. However, it should be noted that in order to control for active accommodation in children, some of the above studies 118, 120 have utilised cycloplegic agents prior to obtaining OCT measurements. This is a potential confounding factor since various cycloplegic agents have been shown to alter choroidal thickness.
121-123
Pharmacological interventions
The choroid has also been shown to change thickness in response to a range of pharmacological interventions. While the underlying mechanisms of these thickness changes are currently unknown, the choroid is richly innervated by the autonomic nervous system for the control of both vascular and non-vascular smooth muscles. However, it is also possible that the choroid is indirectly affected by a signal originating in other tissues of the eye such as the retina, RPE, sclera or ciliary muscle. Anti-muscarinic agents, which block parasympathetic autonomic input to the eye, have previously been shown to influence eye growth and have been used as a therapy to reduce myopia progression in childhood. 124 A number of studies have also
shown that anti-muscarinic agents also cause the choroid to thicken in the short term. Sander et al. 122 showed that two per cent homatropine caused the subfoveal choroid of young adults to thicken by +14 μm after 60 minutes. Analysis of the horizontal B-scan data from the OCT showed a similar degree of thickening across the central 3 mm of the choroid. A further study with one per cent atropine administered twice daily for one week in 5-10-year-old children 123 also showed a resultant sub-foveal choroidal thickening of +15 μm and similar levels of thickening across most quadrants of the central 3 mm OCT B-scans. The use of one per cent cyclopentolate was shown to increase sub-foveal choroidal thickness of adults by +21 μm, whereas one per cent tropicamide had no significant effect on the subfoveal choroidal thickness.
121
Combinations of anti-muscarinics and optical blur have been studied. Chiang and Phillips. 125 administered 0.5 per cent atropine 22 hours prior to exposing subjects to −2.00 D hyperopic blur and found that prior atropine use negated the thinning effect of the hyperopic blur. Sander et al. 126 used two per cent homatropine in combination with AE3.00 D of blur and found that after 60 minutes, the homatropine had eliminated the thinning effect of minus blur, similar to the longer-term findings of Chiang and Phillips. 125 These findings suggest that a muscarinic pathway may be involved in the eye's response to minus blur. However, the combination of homatropine and plus blur did not show an additive effect and the magnitude of increased choroidal thickness was similar to that of homatropine alone, or plus blur alone. This finding suggests that either plus blur signals are not mediated by a muscarinic pathway, or that the choroid has an upper limit on the range of shortterm thickness change.
Accommodation/near work
Since myopia often develops and progresses during the school years, increased amounts of near work activities have traditionally been considered to be a risk factor for myopic eye growth. Although not consistently found across all studies, meta-analyses of previous work examining childhood myopia and near work indicate that increased time spent on near work activities is associated with a modest increase in the risk of myopia, with a two per cent increase in the odds of having myopia for each additional dioptre-hour of near work per week. 127 A large body of research has examined the ocular changes associated with accommodation in order to understand the potential mechanisms underlying the link between myopia and near work.
In recent years, a number of studies utilising high-resolution ocular biometers have consistently reported small increases in axial length occur during or following a period of sustained accommodation. [128] [129] [130] [131] While it is a long-held belief that the ciliary muscle exerts an internal mechanical force upon the globe, 132, 133 a thinning of the choroid may also underlie an apparent increase in axial length during accommodation. Woodman et al. 134 examined the change in axial length and subfoveal choroidal thickness during a sustained 4.00 D accommodation task using optical low-coherence reflectometry. Axial elongation was observed during accommodation in both myopes and emmetropes (~20 μm), and the choroid thinned to a lesser extent (~8 μm). Choroidal thinning recovered rapidly after ceasing accommodation, while recovery from axial elongation occurred over several minutes. In a follow-up study, 135 OCT imaging revealed regional variations in choroidal thinning across the central retina during accommodation. For a 6.00 D accommodation demand, choroidal thinning was most prominent in the temporal, inferior, and infero-temporal parafoveal regions (~8 μm). Similarly, using high-resolution OCT, Huang et al. 136 observed an 18 μm mean thinning of the subfoveal choroid for a 6.00 D accommodation demand, compared to 5 μm of thinning during a control cycloplegic condition. A thinning of the choroid during accommodation may be a consequence of centripetal mechanical forces associated with ciliary muscle contraction or optical changes such as increased negative spherical aberration or an accommodative lag imposing short-term hyperopic retinal defocus. However, given the distribution of non-vascular smooth muscle within the choroid (most densely concentrated within the temporal quadrant of the posterior pole), 137 an increase in the parasympathetic tone and contraction of these cells may explain the regional variations in choroidal thinning observed during accommodation. 135 Region-specific choroidal thinning during higher levels of accommodation may counteract a forward movement of the choroid and retina to maintain stable and clear vision. 137 
Light exposure
Another environmental factor considered to play an important role in the regulation of eye growth and myopia development is ambient light exposure. 138 Animal studies have shown that increasing daily exposure to high light intensities inhibits the development of experimental myopia, 139 and increased daily bright light exposure has also been shown to result in an increase in choroidal thickness in chicks, 11 suggesting that the effects of bright light upon eye growth may be mediated through mechanisms involving the choroid.
In the human eye, a number of crosssectional and longitudinal epidemiological studies have reported that children spending greater amounts of time outdoors appear to be at a significantly lower risk of developing myopia (see Xiong et al. 140 for a review of these studies) and it has been suggested that the greater exposure to bright light outdoors may underlie the protective effects of outdoor activity with respect to human myopia development. 141 In the Role of Outdoor Activity in Myopia study, the influence of objectively measured ambient light exposure (assessed through the use of wearable light sensors) upon the rate of axial eye growth in 102 Australian school children was examined, and showed that greater daily ambient light exposure was associated with slower axial eye growth in childhood. 142 Recently, in a randomised school-based trial aiming to increase daily outdoor time, Taiwanese children enrolled in the intervention were shown to have a reduced incidence and progression of myopia, and these effects were found to be associated with the increased light exposure (assessed objectively with wearable light sensors) accompanying the intervention. 143 Although there is evidence that light exposure can influence eye growth in the human eye, only a small number of studies to date have examined the effects of light exposure on the human choroid. Analyses of the light exposure data and OCT measures of the choroid in the Role of Outdoor Activity in Myopia study revealed that as well as exhibiting slower eye growth, children habitually exposed to greater amounts of daily bright Clinical and Experimental Optometry 102. 3 May 2019 outdoor light also exhibited a greater choroidal thickening over an 18-month period. 144 Recently, in a population of young adults, a one-week period of increased light exposure in the morning delivered through the use of light therapy glasses for 30 minutes each morning (these light emitting glasses deliver~500 lux of green light to the eye, and have previously been used to treat sleep disturbances and seasonal affective disorder 145 ) was found to result in a smallmagnitude increase in choroidal thickness. 146 The changes observed in the choroid were characterised by a small overall thickening of the choroid coupled with an increase in the diurnal amplitude of variation in choroidal thickness, with the larger increases in choroidal thickness following light therapy generally observed in the evening (Figure 8 ). Although these changes are consistent with a thickening of the choroid in response to increased light exposure, it is also possible that alterations in diurnal choroidal rhythms with light therapy may have contributed to the choroidal changes observed given that light therapy is known to influence circadian rhythms. Previous studies of choroidal blood flow in healthy adults (using laser Doppler flowmetry) have also shown that short-term increases in blood flow accompany changing from dark to light ambient illumination. 147 In contrast to these findings suggesting that increased light exposure results in a thickening of the choroid, Ahn et al. 148 reported that four hours of exposure to bright light at night results in a significant reduction in choroidal thickness. This suggests a potential interaction between the time of day of exposure and the choroidal effects of light. These studies indicate that altered light exposure does appear to influence the choroid in the human eye, and support a potential involvement of the choroid in the protective effects of light exposure upon eye growth. However, given only a small number of studies have examined the impact of light upon the human choroid, further research is required to better understand the characteristics and mechanisms underlying the human choroid's response to light, and the potential role of a choroidal response to light in longer-term eye growth. Further work into factors such as the relative influence of the intensity, wavelength and timing of light exposure upon the choroid, and the interactions between these factors, will be important in more fully characterising this response.
Diurnal variations
The choroid, along with a range of other ocular biometrics, undergoes natural diurnal changes in thickness. [66] [67] [68] [69] [70] 149 The majority of studies indicate that the subfoveal choroid is thinnest during the day and becomes progressively thicker during the evening and night, with a mean amplitude of change of about 30 μm. These choroidal thickness changes are in anti-phase to those of the axial length. Chakraborty et al. 66 found no significant differences between young adult myopes and emmetropes in the diurnal variations in subfoveal choroidal thickness. However, these diurnal variations were altered significantly if the eye experiences blur throughout the day. Chakraborty et al. 150 measured the diurnal subfoveal choroidal thickness changes (using high-resolution spectral-domain OCT) in young adults over three consecutive days: on the first day with binocular optimal refractive correction, on day two with an additional +1.50 DS (myopic blur) before the right eye (monovision), and on day three again with binocular optimal refractive correction. Imposed monocular myopic defocus significantly influenced the diurnal rhythm of choroidal thickness, with the daily peak in choroidal thickness shifted to around noon and the overall amplitude of thickness change being reduced on the day that plus blur was worn. These alterations in diurnal rhythms in the subfoveal choroid were also reflected in the parafoveal choroid and there was no evidence of significant carry-over effects from the second to the third day of testing (with optimal vision correction). Hyperopic blur also causes changes in the natural diurnal variations of choroidal thickness. Chakraborty et al. 151 used the same three-day experimental paradigm to investigate the effect of monocular −2.00 D (hyperopic blur) lens wear (monovision) on choroidal diurnal thickness changes. Imposed monocular hyperopic defocus caused marked changes in the diurnal pattern, with a significantly thinner choroid at Time of day Change in subfoveal choroidal thickness (µm) Figure 8 . Effects of daily morning light therapy on choroidal thickness. The mean daily changes in choroidal thickness between 9:00 and 21:00 hours in healthy young adult subjects prior to light therapy (baseline, black line), and following a one-week period of daily morning light therapy (green line). 146 Light therapy was delivered through the use of commercially available light therapy glasses (see inset image) that were worn for 30 minutes each morning for a seven-day period. Changes are normalised to the choroidal thickness at 9:00 hours on the baseline measurement day. Error bars represent the standard error of the mean.
the noon measurement and a greater overall amplitude of subfoveal choroidal thickness change. However, there was no shift in the timing of the peak thickness changes (unlike the plus blur experiment). These changes were also reflected in the parafoveal thickness measures and did not carry over to the next day. Figure 9 provides an overview of the diurnal variations in subfoveal choroidal thickness found under these different monocular defocus conditions. Studies of refractive development in many animals have suggested an important role for circadian rhythms in guiding eye growth. 71 These circadian cycles are sensitive to environmental factors such as light level, wavelength of light, timing of light exposure and seasons. The diurnal rhythms in choroidal thickness in humans may provide a useful biomarker for studying the influence of environmental lighting factors on eye growth.
Conclusions
Over the past decade, our understanding of the human choroid has improved exponentially, thanks largely to studies exploiting developments in OCT technology that allow the in vivo structure of the choroid to be imaged and measured with high resolution and precision. The normal variations in the thickness of the choroid in the macular region have been characterised in detail, and the choroidal thinning associated with myopia has been welldocumented in both children and adults, and in subjects with both physiological and pathological myopia. Longitudinal studies of the choroid in childhood also suggest that changes in choroidal thickness are closely linked to changes in eye growth, supporting a role for the choroid in the mechanisms regulating eye growth in the human eye. Evidence from studies examining the short-term impact of environmental factors upon choroidal thickness further support a role for the choroid in human myopia development and progression. Factors that are thought to promote more rapid eye growth and hence myopia development and progression (for example, hyperopic defocus, increased accommodation) have been shown to lead to a short-term choroidal thinning, and factors thought to slow human eye growth (for example, myopic defocus, anti-muscarinic drugs, increased light exposure) lead to a short-term thickening of the choroid. These findings suggest that choroidal thickness changes appear to be acting as a biomarker for eye growth, and work to better understand these choroidal changes is likely to improve our understanding of the signals and pathways underlying the control of eye growth in the human eye. Clinically, the monitoring of choroidal thickness is therefore likely to provide useful cues to identify those at risk of more rapid eye growth, as well as in those at risk of retinal pathology associated with high myopia.
Our knowledge of the human choroid has expanded dramatically in recent years, and the continued development in OCT technology (with the ability to image the posterior eye more rapidly, deeper and across a wider area with higher resolution) holds the prospects for further discoveries regarding the choroid's role in human myopia.
